In order to reproduce the measured mass of the Higgs boson m h = 125 GeV in the minimal supersymmetric standard model, one usually has to rely on heavy stops. By introducing a new gauge sector, the Higgs mass gets a tree-level contribution via a non-decoupling D-term, and m h = 125 GeV can be obtained with lighter stops. In this paper, we study the values of the stops masses needed to achieve the correct Higgs mass in a setup where the gauge group is extended by a single U (1)x interaction. We derive the experimental limits on the mass of the Z gauge boson in this setup, then discuss how the stops masses vary as a function of the free parameters introduced by the new sector. We find that the correct Higgs mass can be reproduced with stops in a region between 700 − 800 GeV and a Z resonance close to the 2.5 TeV bound from the run-I of the LHC, or in a higher region 800 − 900 GeV if the Z resonance is heavier (3.1 TeV). This region of parameter space will be quickly accessible at run-II of the LHC, and we discuss the impact of the projected run-II bounds on the U (1)x parameter space. We also discuss the phenomenology of the Higgs-like particles introduced to break U (1)x and conclude their effects are too small to be detected at current colliders.
I. INTRODUCTION
Supersymmetry is an elegant solution to the hierarchy problem, i.e. the difference between the Planck mass and the electroweak scale. In the Minimal Supersymmetric Standard Model (MSSM) the Higgs mass is not a free parameter, but it is given in terms of the gauge couplings. In the decoupling limit, the tree-level mass turns out to be of the order of the Z boson mass, in clear contradiction with the experimental results. This value is lifted by loop corrections to the Higgs mass, which appear as contributions to the Higgs quartic coupling via virtual sparticles [1] [2] [3] [4] [5] [6] . For heavy enough sparticles, the loop corrections can push the mass of the Higgs boson up to 125 GeV [7, 8] ; and as it is well known, the largest contribution to the radiatively corrected Higgs mass comes from stops loops. In large areas of the parameter space the masses needed to reproduce the Higgs mass are above the LHC reach. One way to allow light stops is by modifying the tree-level quartic of the Higgs boson via new F or D term contributions, so that one does not have to rely on large loop corrections to obtain a viable Higgs mass.
The effect of extended gauge groups on the Higgs mass was initially noticed in the framework of String Theory inspired E 6 Grand Unified groups [9] [10] [11] . In particular, in [11] the authors point out that the upper bounds on the Higgs mass can be raised up to 160 GeV. The LEP2 era placed the bound, m h > 115 GeV (non-favorable for supersymmetric models), and in order to explain such heavy Higgs, the MSSM by itself requires large fine tuning. For this reason, D-terms extensions of the MSSM were proposed as a mechanism to raise the tree-level prediction and escape from the experimental limit without introducing fine tuning. A pioneering work in this research program can be found in [12] , and similar ideas in [13] [14] [15] . In this program, many possibilities were explored for the extra gauge groups (all these groups break down to the SM group) SU (2) 1 ⊗SU (2) 2 [12, [16] [17] [18] , SU (2) L ⊗SU (2) R ⊗U (1) B−L [19] , SU (3) W ⊗ U (1) x [20] (with the differences of which fields are charged with respect to which groups), a simple U (1) [12, 21] , and other more exotic groups [13] [14] [15] 22] . Even though the main motivation to include the non decoupled D-terms was to minimize the fine tuning, when the Higgs mass was still unknown, the parameter space was rather unconstrained.
In light of the Higgs discovery in 2012, there has been renewed interest in D-term extensions [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . In most of these references, the motivation for an extended gauge group is to obtain the Higgs mass in a natural supersymmetric scenario i.e to minimize the fine tuning. Going into more detail, in Ref. [32] the authors discuss in general terms the implications of including D-terms for what is called "vector Higgs" and "chiral Higgs" cases [28] . These cases have to do with the way in which the Higgs doublets are charged under the extra gauge group(s). Another example is Ref. [31] , where the authors discuss the fine tuning of the new gauge sector in a model with extra SU (2) interactions and its relation with the uncertainty in the precision measurements of the Higgs-gluon-gluon and Higgs-gamma-gamma effective couplings. These authors find that a fine-tuning better than 20% is compatible with a 125 GeV Higgs and no deviations in the Higgs effective couplings measurements. They also find the limits in stop masses mt 300 GeV based on these measurements and fine-tuning arguments, in agreement with previous work [25, [35] [36] [37] , but do not consider the combination of fine tuning and direct stop limits. Also, very recently, in Ref. [34] the authors studied the contribution of the new sector to the dark matter relic abundance and they performed scans on the parameter space where the constrains coming from Higgs physics, collider searches for Z and sparticles, and flavor physics are satisfied.
In this paper we study the minimal U (1) x extension of the MSSM for its simplicity. Given the value of the Higgs mass and the prediction from minimal supersymmetry, it is known that more than 30% of the Higgs mass comes from loop correction. In the MSSM this means that the stops masses have to be at the multi-TeV scale, unless there is significant mixing in the stop sector, and therefore above the reach of the LHC. Current experimental bounds for stops explore supersymmetric simplified scenarios discarding stop masses around 400 -700 GeV (depending on the mass of the lightest superpartner). If the lightest stop is detected close to the current bounds, the MSSM would demand a very big mixing term in order to explain the Higgs mass with such a light stop and if both stops are below 1 TeV it is fair to say that the MSSM would be unable to explain the Higgs mass independently of the value of the mixing. The goal of this paper is to explore an alternative supersymmetric scenario in which stops are allowed to be light without the need of large mixing because the Higgs mass in enhanced at tree level by non-decoupling D-terms. We present an up-to-date analysis of the U (1) parameter space, taking all recent and relevant LHC searches into account. That includes constraints on the Z , stops, and Higgs mass. We point out where the lightest particles could be, and what that would mean for run-II. This paper is agnostic about the UV supersymmetry setup, so its a study of the IR parameter space. The rest of this paper is organized as follow: Sec. II presents the model, the charges and the contribution of the D-term to the Higgs mass. Section III shows the lower limits for the mass of the Z gauge boson that we calculated for our model and in comparison with the experimental bounds. We follow an analysis similar to the one presented in [38] [39] [40] and we compare the predicted cross section with the experimental constraints [41] [42] [43] [44] [45] . In Sec. IV we study different phenomenological aspects of the model: the Higgs mass as a function of the parameters of the new sector, a comparison between the supersymmetry breaking scale and the soft mass parameter m φ , the stop masses, and a discussion about the φ fields. We then present our conclusions. The superpotential is slightly modified from the MSSM:
where theφ fields are responsible for breaking the extra gauge symmetry and the presence of the singletŜ guarantees the existence of a supersymmetric minimum. The scalar potential consists of the usual MSSM contributions, plus three new pieces:
If we suppose that EW breaking is a perturbation to the breaking of the U (1) x , the vacuum of V = V sof t + V F + V D is where S does not get a vacuum expectation value (vev) but φ and φ c do. The difference of these vevs is proportional to the Higgs vev and therefore can be neglected. Integrating out the φ i fields, the MSSM scalar potential V gets an extra contribution [12] that depends on the mass of the
c and the soft mass parameter m φ . Including this new contribution, the tree-level Higgs mass is given by (in the decoupling limit
where g and g are the couplings of the SU (2) L and U (1) Y gauge groups, tan β is the ratio of the two MSSM higgses and v = 174 GeV is the vev of the Higgs boson. If supersymmetry were not broken, there would be no effect on the Higgs potential because the φ and φ c pieces in the D-term would exactly cancel. However, when supersymmetry is softly broken, this generates an effect on the Higgs mass 1 . By including the U (1) x D-term contribution, the Higgs quartic coupling is increased, and m h = 125 GeV can be achieved with lighter stops. In fact, in the presence of the D term piece, stops that are too heavy will cause the Higgs mass to overshoot the experimental value. This model has some immediate consequences: the appearance of a new Z boson-like resonance, relatively light stops, and two new Higgs-like φ i particles. All these signatures of the model can be studied using current and near future data from the LHC. In the next sections we explore the relation between the experimental bounds for a Z resonance and light stops for a 8 TeV and a 14 TeV collider.
III. LIMITS ON THE Z MASS
The Z in this model couples to SM fermions both through direct couplings and through Z − Z mixing. The expressions for the different couplings and mixing angle depend on the ratio M 2 Z /M 2 Z and can be found in [46, 47] . The decay of the Z is dominated by the channels Z → ff , Z → W + W − and Z → Z h. The partial widths in all modes grow linearly with M Z , so the branching ratios are basically constants in the limit when M Z M Z . In this paper we perform a similar analysis to [38] [39] [40] and set limits on new gauge bosons using their decays to dileptons. For a given Z mass and U (1) x coupling, we compare the cross section for production (σ) times branching ratio (BR) into two leptons with experimental data. The left-hand panel of Fig. 1 presents such a comparison. The intersection of the observed limit (red line in Fig. 1 ) and the theory line for a particular value of g x gives the current lower Z mass bounds. For U (1) x gauge couplings of g x = 0.32, 0.63 and 0.84, we find the current limits as of run-I of the LHC are M Z 2.5, 3.1 and 3.5 TeV, respectively. Since the Z can decay to superparticles, we have to assume a spectrum in order to derive the limits. Specifically, to generate Fig. 1 we took the following naturalness-inspired spectrum: µ = 300 GeV, M stops = 1 TeV, tanβ = 20, and all other superpartner masses at 4 TeV. With this setup, the only superpartners the Z can decay to are third generation squarks and Higgsinos, and we find the Z limits are fairly insensitive to the masses of these states. Notice how the g x = 0.63 exclusion is similar to the limits on the Sequential Standard Model (SSM) [48] . This is expected as this coupling is about the same size of the SM g coupling and because the supersymmetric channels do not contribute considerable to the width. The right-hand panel of figure 1 shows the same analysis repeated for a 14 TeV LHC and assuming 300 fb
of luminosity. For the expected limits, we use the projections in Ref. [40] . We find the lower bounds increase to M Z ≥ 5.4, 7.0 and 8.2 TeV for U (1) x couplings g x = 0.32, 0.63 and 0.84. These increases can be compared with the SSM, where we find the limit raises from 2.9 TeV to 6.5 TeV. In what follows, we will both explore regions of the parameter space close to the lower limits for M Z coming from the 8 TeV run of the LHC and regions within the reach of run II of LHC.
IV. PHENOMENOLOGY Higgs Mass
In the present model, the radiatively corrected Higgs mass in the decoupling limit can be written as
where the loop contributions depend (among other supersymmetric and soft parameters) on the stop mixing parameter X t = A t − µ cot β and the supersymmetry breaking scale defined as
In order to estimate the Higgs mass we have used SUSYHD [49] , a recent public code that calculates the MSSM Higgs mass including two-loop threshold corrections to the quartic Standard Model (SM) Higgs coupling. The code runs down the SM parameters using three-loop renormalization group equations with a leading four-loop QCD contribution to the strong gauge coupling. To calculate the Higgs mass, we have defined the following parameters: degenerate squarks (m D3 plus first and second generations) and slepton masses mq = ml = 4 TeV, equal Wino and Bino masses M 2 = M 1 = 2 TeV, gluino mass mg = 1.4 TeV (close to the lower bounds reported by the LHC [50] ) and a supersymmetric Higgsino mass of µ = 300 GeV. Working with this spectrum, in order to reproduce the Higgs mass in the pure MSSM, we need M SU SY to be around 1.6 TeV and 11.5 TeV in the cases of max-mixing (X t = X t /M SU SY = √ 6) and non-mixing (X t = 0), respectively 2 . This behavior is consistent with previous work using different codes [51, 52] . Increasing the gaugino masses to 4 TeV causes a variation of less than 20% in M SU SY . Rather than picking m φ or M SU SY and calculating the Higgs mass as a function of those two variables, we can enforce m h = 125 GeV and show the relationship between the two scales. This is shown below in Fig. 3 for the same set of U (1) x couplings and stop mixing assumptions as in Fig. 2 . When the D-term contribution is zero (m φ = 0), the value of M SU SY is equal to the aforementioned MSSM critical values. As the D-term piece increases, the necessary value of M SU SY drops. In Fig. 3, we are varying In both panels, the higher contours correspond to the non-mixing case and the lower ones to the max-mixing case.
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Stops Masses: 8 TeV Analysis
Using the definition (7) we can find the relation between the masses of the stop eigenstates corresponding to the contours showed in Fig. 3 . With this, we can see how the individual stops masses -relevant for all direct LHC searches -depend on the new parameters M Z , m φ and g x . This relationship is shown by the solid and dashed contours in [GeV] Next, we discuss the experimental bounds on stops. Although there are a plethora of stop searches at the LHC, each involves some degree of assumption about the stop branching ratio, the mass difference between the stop and its decay products, and the composition of the stops and lightest superparticle (LSP) [53] [54] [55] [56] [57] . As a result, it is almost impossible to derive a model-independent bound. In the supersymmetric spectrum we have used so far the LSP mass is 300 GeV, value for which there is currently no bound on the lightest stop 3 . Decreasing µ (and therefore the LSP) mass will lead to an limit between roughly 400 GeV to 750 GeV fort 1 . In Fig. 4 we show the 750 GeV limit as the lower bound for the lightest stop, although this should be viewed as a conservative bound -most stops searches suppose a 100% BR of the stop into top plus neutralino, while in our case there is a sensible probability of stop decay into bottom quark plus chargino. In either decay mode, the bounds become looser if the spectrum is highly compressed since the stop decay products become soft and cannot be efficiently identified. As these bounds are independent on the details of the U (1) x sector, they will not change if we increase or decrease the mass of the Z .
Clearly there is still a large set of reasonable U (1) x parameters where the stops evade the current bounds. For maximally mixed stops, g x = 0.32, m φ = 2.5 TeV and M Z = 3.1 TeV, we achieve a 125 GeV Higgs with the stops nearly degenerate and lying just beyond the strictest run I bound. As the Z mass is increased with the other U (1) x quantities fixed, the stop mass contours move farther away from the run I limits. While this implies heavier stops it also allows the stops to be more widely separated. For instance, upping M Z to 4 TeV, the lightest stop can still sit just beyond the run I bound if the heavier stop is pushed to 1.3 TeV. For the no-mixing scenario, the stop mass contours are farther from the exclusion bands. For g x = 0.63, m φ = 2.5 TeV and M Z = 3.5 TeV, we can have M SU SY ∼ 1 TeV; in this case, the stops can either be degenerate and sit well beyond the current bound, or split, with mt 1 = 750 GeV, mt 2 ∼ 1.5 TeV. As the most natural regions occur when the stops -either one or both -lie just beyond the current limit, the next run of the LHC will quickly rule in or out these possibilities. In the next section, we give a brief analysis of how the parameter space will change in the scenario where no hints of the U (1) x model are uncovered at run II.
A 14 TeV Analysis
The U (1) x parameter space will be impacted by run II LHC searches for the stops (botht 1 andt 2 ), and for the Z . Let us first consider the 14 TeV lower limits on the Z , which were shown in section III. After 300 fb −1 of integrated luminosity, the values of M Z increase by a factor of ∼ 2.3 for the range of couplings presented here. If the Z mass is increased keeping all other U (1) x parameters fixed, the D-term contribution shrinks and must compensated by a larger M SU SY (stop loop). The factor of ∼ 2.3 increase in M Z corresponds to an increase in M SU SY by a factor of 1.7 for maximally-mixed stops and a factor of 3.9 for unmixed stops. This increase would move the contours for the stops showed in Fig. 4 to regions beyond 2 TeV for either stop mixing scenario. In order to balance this effect, we can consider heavier m φ . We find that to reproduce the same contours presented in Fig. 4 it is necessary to increase m φ by a factor of 2.3. However, as mentioned earlier, m φ feeds back into the Higgs soft masses, so heavier m φ might not be accommodated.
Turning to searches for supersymmetry at the 14 TeV LHC, if the gluino is not found, the new lower bounds for its mass are expected to be around 2 TeV [58] . With this variation, the values of M SU SY presented here will increase by around 60 GeV for max-mixing, but they will not change for non-mixing, indicating that the gluino does not have a significant impact on the analysis here presented. Repeating the exercise for the stops, the expected exclusion limit at run II is mt Finally, at run II of the LHC there is also a potential signal coming from the heaviest stop decaying into the lightest one; these searches are not yet competitive but could give another handle once the data at higher energy gets analyzed.
The Higgs-like φ particles Another possible signature of this model comes from the extended scalar sector needed to break the U (1) x . As can be seen from the fact that the U (1) x breaking occurs in a D-flat direction, the mixing between the mass eignenstate φ fields and the Higgs is highly suppressed. Therefore, single productions of φ has a very small cross-section and double production as a on-shell decay of the Z will be equally small. Therefore any possible signals coming from the new sector are very unlikely to have enough significance over the background.
SUMMARY AND CONCLUSIONS
We have studied the interplay of an extra U (1) x non-decoupling D-term contribution to the Higgs quartic and the stop masses needed to reproduce m h = 125 GeV. The fact that the quartic coupling of the Higgs gets an extra tree-level contribution will, in general, mean that in order to reproduce m h = 125 GeV the value of the stop masses will have to be smaller than in the MSSM We have analyzed the different regions of the parameter space of the model varying the mass of the new Z gauge boson M Z , the new gauge coupling g x , and the soft mass term m φ of the fields φ i that are introduced to break the extra gauge symmetry. As we increase the magnitude of the coupling or the value of the soft parameter, the contribution from the D-term to the Higgs mass increases, therefore the contribution from the stops is lower and their masses decrease. In this scenario we found that a coupling of g x = 0.63 and m φ = 3 TeV would allow the lightest stop to be in a region lower than 1 TeV for the non-mixing case, this should be compared to the value of 11.5 TeV needed for the stops in the MSSM with the same mixing. For the max-mixing scenario the MSSM loop contributions require stops around 1.6 TeV in order to reproduce the Higgs mass. In the U (1) x model with a coupling of g x = 0.32 and M Z = 2.5 TeV, we find the stops can be in a region around 700 -800 GeV; if the Z mass is bigger (3.1 TeV), the stops can be heavier 800 -900 GeV. In general, as we increase the mass of the Z gauge boson, the contribution from the D-term becomes less significant.
If the 14 TeV searches for supersymmetry do not find the stops, considering the predicted exclusion regions, we found that the lower bounds for a Z resonance are pushed up considerable by a factor of 2.3. This causes the contribution from D-terms to the Higgs mass to be suppressed which means that the stops have to be heavier. This effect can be balanced by increasing the soft parameter m φ , however radiative corrections on the Higgs soft mass parameter m Hu indicate that m φ cannot be arbitrarily large.
We finally discussed the extra Higgs-like φ particles. These fields mix with the other MSSM CP-even Higgs particles, so their presence can modify the production rate of the MSSM Higgs boson. We found that for the region of parameter space explored in this paper the effects of the new particles are too small to be detected in the experimental data.
A general conclusion for models where the Higgs mass is a prediction, like in supersymmetry, is that the measured value of 125 GeV can put both lower and upper bounds on the masses of new particles.
